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ABSTRACT 
 
Steam curing is apparently the most widely used method for the production of precast 
concrete elements at the present time. Due to the fact that the hydration of cement increases 
with higher temperatures, the gain of strength can be speeded up by curing concrete in steam. 
Although thermal procedures have the benefit of develop a rapid strength, ultimate properties 
may be affected if concrete has not been subjected to a proper curing cycle. 
Time is very representative in the whole manufacturing process of precast concrete. 
Reducing lead times can allow a production of a greater quantity of elements. For instance, 
when a tunnel project is being constructed by TBM, every stage has been planned carefully in 
order to fulfill the schedule and deliver the project on time. Thus, there must be a high stock of 
precast concrete segments available to permit the continued composition of the tunnel lining 
and so, a rapid production is required. However, those segments have to accomplish the design 
strength value in order to resist weight and loads when assembled together as a tunnel lining.  
The aim of the present thesis is to address an analysis of the parameters involved in the 
steam curing method and the behavior of concrete during and after the application of high 
temperature and moisture for a rapid gain of strength. In particular, the study is realized by 
means of a current tunnel construction in Middle East. 
So as to perform the study, compressive strength data is evaluated after segments are 
steam cured during different periods. Moreover, taking into account the temperature factor, 
some models of steaming periods are calculated for achieving the minimum strength 
determined by the manufacturer.   
In view of long term strength gain, an additional control test gives the information about 
the strength development once the precast concrete segments are curing with environmental 
conditions.  
Finally, after both curing phases have been studied, so steam curing and environmental 
curing are analyzed and plotted together, the progression of strength followed by the 
segments is known and compared with a requested complementary study. By the comparison 
between segments quality control and supplementary test, there is the purpose to verify if the 
results were similar in both cases.  
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RESUM 
 
Avui en dia, el curat al vapor és àmpliament utilitzat per a la producció d’elements de 
formigó prefabricat. Pel fet que la hidratació del ciment augmenta amb temperatures més 
altes, el guany de resistència pot accelerar-se mitjançant el curat al vapor. Tot i que els 
procediments tèrmics tenen el benefici de desenvolupar una ràpida resistència, les propietats 
a llarg termini poden veure’s afectades si el formigó no ha estat sotmès a un cicle de curat 
adequat.  
El temps és molt crític en tot el procés de fabricació del formigó prefabricat. La reducció 
dels temps de producció permet que es fabriquin elements a un ritme més elevat. En el cas 
dels projectes de túnels que són construïts per tuneladora (TBM), cada etapa és plantejada 
acuradament per tal de complir amb el calendari i entregar a temps el projecte. Per tant, hi ha 
d’haver un gran nombre de dovelles prefabricades disponibles per permetre la contínua 
disposició del revestiment del túnel i, per tant, es requereix una ràpida producció. No obstant 
això, aquestes dovelles han d’aconseguir un cert valor de resistència en les primeres edats per 
tal de resistir el seu propi pes i les càrregues associades produïdes quan es retira l’encofrat i 
s’emmagatzemen. Posteriorment, han d’assolir la resistència de disseny per poder ser 
transportades i instal·lades de manera conjunta per formar el revestiment del túnel. 
L’objectiu de la present tesi és analitzar els paràmetres implicats en el mètode de curat al 
vapor i el comportament del formigó durant i després de l’aplicació d’altes temperatures i 
humitat per una ràpida adquisició de resistència. Per l’estudi s’ha considerat un túnel que es 
troba en construcció actualment a Orient Mitjà. 
Per realitzar aquest estudi, s’han avaluat les dades de resistència a compressió obtingudes 
després de curar les dovelles al vapor durant diferents períodes. A més a més, tenint en 
compte el factor de la temperatura, s’han calculat models de curat al vapor per assolir la 
resistència mínima determinada pel fabricant.  
Pel que fa a la resistència a llarg termini, un assaig addicional ha proporcionat la 
informació sobre el desenvolupament de la resistència un cop les dovelles estan exposades a 
una segona fase de curat sota condicions ambientals.  
Finalment, després d’haver estudiat ambdues fases de curat, el curat al vapor i el curat a 
l’aire lliure s’han unificat per obtenir la progressió de resistències de les dovelles i comparar-la 
amb un estudi complementari i així, verificar la relació existent.  
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RESUMEN 
 
Hoy en día, el curado al vapor es ampliamente usado para la producción de elementos de 
hormigón prefabricado. Debido al hecho de que la hidratación del cemento aumenta con 
temperaturas más altas, la ganancia de resistencia puede acelerarse mediante curado al vapor. 
Aunque los procedimientos térmicos tienen el beneficio de desarrollar una rápida resistencia, 
las propiedades a largo plazo pueden verse afectadas si el hormigón no ha sido sometido a un 
ciclo de curado adecuado. 
El tiempo es muy crítico en todo el proceso de fabricación del hormigón prefabricado. La 
reducción de los tiempos de producción permite que se fabriquen elementos a un ritmo 
mayor. En el caso de los proyectos de túneles que están siendo construidos por TBM, cada 
etapa es planteada cuidadosamente para cumplir con el calendario y entregar el proyecto a 
tiempo. Por lo tanto, debe haber un alto número de dovelas prefabricadas disponibles para 
permitir la continua disposición del revestimiento del túnel y, por lo tanto, se requiere una 
rápida producción. Sin embargo, estas dovelas deben lograr un cierto valor de resistencia en 
las primeras edades para resistir su propio peso y las cargas asociadas producidas cuando se 
retira el encofrado y se almacenan. Posteriormente, deben alcanzar la resistencia de diseño 
para ser transportadas e instaladas conjuntamente para formar el revestimiento del túnel. 
El objetivo de la presente tesis es analizar los parámetros implicados en el método de 
curado al vapor y el comportamiento del hormigón durante y después de la aplicación de altas 
temperaturas y humedad para una rápida adquisición de resistencia. Para el estudio se ha 
considerado un túnel en construcción actualmente en Medio Oriente. 
Para realizar este estudio, se han evaluado los datos de resistencia a compresión 
obtenidos después de curar las dovelas al vapor durante diferentes períodos. Además, 
teniendo en cuenta el factor de la temperatura, se han calculado modelos de curado al vapor 
para alcanzar la resistencia mínima determinada por el fabricante.  
En cuanto a la resistencia a largo plazo, un ensayo adicional proporciona información 
sobre el desarrollo de la resistencia una vez las dovelas están expuestas a una segunda fase del 
curado bajo condiciones ambientales.  
Finalmente, después de haber estudiado ambas fases de curado, el curado al vapor y el 
curado al aire libre se unifican para obtener la progresión de resistencias de las dovelas y 
compararla con un estudio complementario y así verificar la relación existente.  
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1. INTRODUCTION 
 
1.1 SCOPE OF THE RESEARCH 
Over the last few decades, tunnel construction in urban areas by using TBM (Tunnel 
Boring Machine) has been evolving until it has become the preferred technique in this kind of 
projects. Given that each TBM is designed for a certain project it permits an accurate 
performance and improvement on efficiency and security during the construction. There is an 
extended use of TBMs all around the world, particularly for large tunnels projects under way 
and it will be even more used in the future.  
The tunnel lining is set up by precast concrete elements called segments. These segments 
are placed during construction by the TBM forming rings which support the thrust that permits 
the movement forward of the tunneling machine. Both the segment’s length and the TBM 
progress are related: once the excavation path has gone through the segment’s length, the 
rotating cutter-head stops in order to permit new ring installation, in the backside of the TBM. 
A hydraulic jack system supported in the last ring produces the necessary thrust effort for the 
TBM to move forward. This procedure provides a safe advancement of the machine, as well as 
resistance to external pressure.  
The “ring by ring” construction allows designing a tunnel alignment following horizontal 
and vertical curves thanks to the use of universal ring. When building the next ring, it will 
2 Chapter 1 
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follow a specific direction by combining shield movement with the relative position of 
consecutive rings. Proper design of both rings and TBM avoids damage to the exterior of the 
concrete segments.  
In order to guarantee the success of the tunnel project, the management of the 
production and the timely supply of compliant precast concrete segments has become a 
critical factor. The need of a high stock of concrete elements, the precise quality and narrow 
tolerances required and the unavoidable necessity to assure a very tight timetable are some of 
the aspects that make the manufacturing and supplying of concrete an extremely skilled work. 
 
1.2 MOTIVATIONS 
Damages in tunnel segments have been certified that can occur if the manufacturing 
process guidelines are not followed carefully. Several factors influence a proper fabrication of 
the elements, such as the mix design or w/c ratio but the curing process has a strong influence. 
As those elements are made of precast concrete, an accelerated period of curing is applied to 
achieve high strength within the first hours after the concrete casting in order to permit 
industrial production. 
Perfectly manufactured segments must be supplied just-in-time for tunnel production and 
the guarantee that no cracks will appear after the removal of the mould has to be ensured. 
Therefore, an optimal steam curing process has to be adapted to segments with the aim of 
reaching the desired value of resistance which the precast elements could support certain 
loads and conditions without cracking. In the so-called storage stage, the pieces are placed one 
on the top of the other packaging each ring together and some loads appear due to the weight 
of the pieces on top.  
 
Figure 1.1 Segments in the storage area 
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For the estimation of the load under which cracking will develop, the knowledge of tensile 
strength is used. Due to the arduousness to carry out the mentioned test and the fact that 
concrete is not normally designed to resist direct tension, there are other ways of calculation. 
Instead of tensile strength, compressive strength is the property generally specified in 
concrete design and quality control because it is relatively easy and cheap to test. Moreover, 
other properties are directly related to it and can be deduced from the strength data.  
 
1.3 OBJECTIVES 
As it is mentioned above, the behavior of early age strength is a real concern in the 
manufacture of precast concrete segments. This paper aims to provide an analysis of 
compressive strength evolution since the elements are being cured by steam until 28 days 
after concrete casting. Using data from a current tunnel construction, a study is done with the 
objective of knowing if the resistances achieved are the demanded for the specified project. As 
second objective, an analysis of the accelerated curing process is done and an ideal steam 
curing process is designed to guarantee a minimum value of strength when leaving the curing 
tunnel. At last, the comparison of the experimental case where data is adopted from is 
compared with a complementary study requested to check the similarity of both studies.  
Subject Specific Objectives 
Steam curing 
method 
 Identification of the favorable range of time inside the curing 
tunnel. 
 Introduction of the equivalent time parameter following MC90. 
 Proposal of a theoretical design of an optimal steam curing process. 
Long term strength 
of the segments 
 Consideration of analysis for the ages of 3, 7, 14 and 28 days. 
 Identification of the efficiency and productivity of the plants. 
 Statistical behavior of strength. 
 Influence of the learning curve in the dispersion of results. 
Validation with a 
special testing case 
 Proposal of an integrated curve of strength development including 
both steam curing and storage curing stages. 
 Obtaining of results for the quality control of segments and the 
requested complementary study.  
 Compare and provide conclusions. 
Table 1.1 Subjects of the paper and the corresponding objectives. 
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1.4 METHODOLOGY 
In order to achieve the mentioned objectives, the methodology followed is the one 
presented in the scheme.  
  
 
Motivations    Conclusions 
 
 
Figure 1.2 Scheme of the subjects of the paper 
 
This thesis has been structured in five chapters which are organized according to the 
objectives already named in the previous section. 
In CHAPTER 1 are presented the scope of the research and motivations for the present 
study, the objectives that are sought in the paper and the methodology followed to obtain 
them.    
In CHAPTER 2 it is described the state of art of the thesis. It has been divided in two parts: 
manufacturing of precast segments and early age properties and how they develop during first 
ages. 
In CHAPTER 3, the project which has been considered is explained. Specific information 
about the mix design and the manufacture plants is given and the experimental campaign of a 
tunnel project data is presented. There are two parts which differentiate early and late age 
gain of concrete strength. Firstly, a study of steamed specimens at different periods is done 
and the optimization of curing time is proposed taking into account the key variables of the 
accelerated curing process. Secondly, an analysis of later age strength is performed with 
experimental data. 
In CHAPTER 4 it is set out a complementary case of study with similar manufacture 
conditions as the tunnel segments conditions. Indeed, a strength analysis between these cases 
is done in order to know if there is an existent similitude.   
In CHAPTER 5 the conclusions of the study and future lines of investigation are presented.  
Analysis of steam curing periods 
 
Analysis of late-age compressive 
strength 
Influence of time and  
temperature when curing 
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2.  STATE OF THE ART 
 
2.1 INTRODUCTION 
This chapter describes the manufacturing process of precast concrete segments, paying 
special attention to the fabrication stage and its affection to early age development of concrete 
strength. Steam curing is the process used to achieve the 1-day concrete strength value, 
approximately, with only hours of curing at high temperatures and a high moisture grade.  
Concrete is a material resulting from the admixture of water, sand, gravel and cement and 
when it is set, the mix starts to become more resistance. In some cases, it is needed to add 
additives to provide any property required by the designer. This material consists in different 
phases which vary on temperature, humidity, volumetric effects and that create variations in 
expansion and contraction.  
Not only early thermal concrete properties are explained in this chapter. The mechanical 
properties and how they evolve with in the first hours of curing are described. Apart from the 
model used on the calculations, there are other models explained below.  
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2.2 MANUFACTURE OF PRECAST CONCRETE SEGMENTS 
2.2.1 Life cycle for a TBM tunnel lining 
Precast concrete segments are widely known as the most common solution for the lining 
of tunnels with circular section, related with the use of TBM (Tunnel Boring Machine) for the 
construction. 
Tunnel lining ensure structural safety, durability and serviceability for the entire life service 
of the tunnel. Both the design and constructive details of the lining have to meet the 
requirements of the tunnel use, support the acting loads and the conditions imposed by the 
construction process as well. 
Lining can be seen as a system of individual precast concrete rings, which includes the 
segments forming the rings and its accessories plus the grouting material that fills the gap 
between them and the excavated section. Segments are combined in order to create a ring and 
placed with a TBM one by one until closing the ring; rings are assembled giving place to a 
tunnel section. 
Performance of the mentioned precast segments tunnel linings is influenced by the life 
cycle of those elements starting from the raw materials used in the mixing of the concrete until 
the permanent place of the segment in the completed tunnel.  
The temporal sequence is explained above is introduced in Figure 2.1 - Life cycle of a 
segment for a TBM tunnel lining: 
 
 
Figure 2.1 - Life cycle of a segment for a TBM tunnel lining 
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There are five basic stages in the cycle of a segment for a TBM tunnel lining: fabrication, 
handling, storage and transportation, assembly, finishing and service. These main five stages 
can be broken down into some sub-stages. 
Table 2.1 presents the basic phases or stages of each segment identified by names. The 
previous stages to S5 – “Service Stage” when the tunnel is put in service are known as non-
serviceability stages: 
 S2 – “Handling, Storage and Transportation Stage” 
 S3 – “Assembly Stage” 
 S4 – “Finishing Stage” 
 
 Name of Stage Time Scale Main Actions Strength Drivers 
S1 Fabrication Hours - 
No 
achieved 
Precast Plant  
operation 
S2 
Handling 
Storage 
Transportation 
Weeks 
3 - 5 
Weight, dynamic loads 
Environmental actions 
No 
achieved 
Handling 
external 
environment 
S3 Assembly Hours Weight, dynamic loads of TBM Achieved TBM operation 
S4 Finishing Months 
Weight, dynamic loads of 
construction 
Achieved 
Construction in 
tunnel 
S5 Service Years 
Traffic loads (car, trains, fluid) 
Hazards (fire, flooding, ground  
action) 
Achieved Final operation 
Table 2.1 – Basic stages of Segments Life Cycle for a TBM tunnel lining 
Once the segment has been designed, the next step to follow is the production of it in 
order to obtain a resistant element which can be placed as part of a lining of the tunnel. 
As it is shown in Table 2.1, the first stage is the fabrication. Fabrication refers to the 
production of a precast reinforced concrete segment in a plant following an industrialized 
process, starting from raw materials. As concrete segments do not have the requested strength 
from the very moment they get their definitive configuration, 3 – 4 weeks are needed to 
develop the rest of strength after the curing process it has gone through. Steam curing process 
permits high resistances to be achieved in several hours. 
Handling, storage and transportation are a combination of activities which take place after 
fabrication, related basically to manipulation and logistics, until the segment is ready to be 
handled by the TBM. This stage takes place inside the precast plant premises and also in the 
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storage areas. There is a main storage area located next to the precast plan, while there is a 
secondary storage area at the launching shaft. It is smaller than the main one because there is 
less space available around in the site where the TBM tunnels are operated from.  
This stage has three main goals: achieve the required resistance in order to place the 
segment in the TBM, perform complementary works after fabrication for a proper finishing of 
the precast segment and prepare packages and transportation to storage areas. The length of 
the stage takes usually from 3 to 5 weeks. 
Assembly stage embraces all activities where the segments undergo under the operation 
of the TBM, starting from the moment when the segment is downloaded on the supply wagon, 
transported along the already constructed tunnel, placed in its position where is temporary 
subjected by the thrust cylinder, assembled forming successive ring and grouted in its extrados 
filling the gap with the ground. This process is successively repeated until the TBM is being 
dismantled because the construction is already finished. 
The placing of the segments by the TBM can create loads between them, as well as 
between thrust cylinders and the segment due to the strong interaction it has with the 
segments. It takes a range of half an hour to one hour in order to perform the entire assembly 
process. 
Finishing stage can be defined in two steps: the dismantling of the TBM and associated 
supporting equipment, and later on the execution of some construction finishing activities 
which align the circular tunnel already constructed to the final mission of the project and the 
put into service of the tunnel. This activity can take place from few to several months. 
Service is the fifth and final stage, starting from the very first moment the tunnel is ready 
to perform the function it was planned for such as water supply, highway or railway system, for 
example. Loads at this stage have been already considered in design process. 
 
2.2.2 Fabrication stage 
Fabrication is considered as the most critical stage of segment production because it is 
the process where the element is gaining the majority of its resistance. Starting from raw 
materials, a defined element is obtained once the steam curing process is done. 
The manufacture of the segments can be either in stationary or carrousel production. A 
stationary production line is characterized by fixed formworks during production while the 
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casting and curing facilities are moving around it. Otherwise, carrousel production is based on 
movable molds which follow a circuit where individual fabrication activities such as mold 
cleaning, concreting and finishing take place at fixed locations across the circuit. Curing process 
is held in a special curing chamber with appropriate heating system and humidity conditions. 
Manufacture procedure is broken down into different activities in the Figure 2.2 shown 
below which includes an assessment of the action type performed and time frame. 
 
Figure 2.2 - Breakdown of Fabrication Stage 
 
Fabrication comprises some sub activities starting from the supply of raw materials to 
production of reinforcement, preparation of formworks, mixing of the concrete and pouring it 
in the formworks, vibration of the segment in order to get the desired compaction and finally 
steam curing procedure in order to accelerate the resistance acquisition. 
 
2.2.2.1 Segment production line 
For the manufacturing of a precast segment, different activities must be performed. There 
are 9 work stations which start from the demoulding of a previous segment in order to reuse 
the formwork until the exit of the curing tunnel. Stages are described as follows: 
Stage 1. The covers of the mould are opened and the insert holders are removed. Also, the 
peripheral sides are opened. Timescale: 5 minutes. 
Stage 2. The mould is moved from the transfer platform to the demoulding station, where 
the concrete segment is removed with a vacuum lifter. Timescale: 6 minutes. 
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Station 3. The mould is placed on the production line, where the mould, insert holders 
and covers are cleaned by air and high-pressure and also using a Handle Scraper Blade 
tool. Timescale: 8 minutes. 
Station 4. Oiling of the mould and covers and greasing of the insert holders is done. 
Timescale: 6 minutes. 
Station 5. Steel reinforcement cage of the segment is installed using a crane and 
peripheral sidewalls are closed. Timescale: 7 minutes. 
Station 6. It is important to do an inspection of the whole mould. After that, all shutters 
have to be closed by special screws starting with the side shutters, then the front ones and 
finally the top shutter.  Timescale: 6 minutes. 
Station 7. This is the station of concreting or pouring of the concrete. The covers are 
opened and the concreting starts, and also its vibration. Timescale: 10 minutes. 
Station 8. The surface is carefully smoothed by using a square trowel and a mason's 
trowel. After, a high-pressure cleaning of the mould is done and the upper shutters are 
closed. Timescale: 5 minutes. 
Station 9. The mould enters into the curing tunnel by means of the transfer platform. 
Timescale: 3 minutes. 
 
Figure 2.3 Mould entering the curing tunnel by means of the transfer platform 
 
When the formwork is placed correctly inside the curing tunnel, the curing process 
starts. It may last several hours according to the specific project. 
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2.2.2.2 Steam curing 
In order to accelerate the strength development in precast concrete elements, 
atmospheric steam curing is the preferred heat treatment used to achieve this goal. 
Parameters as cement type, curing period and temperature are the most influencing in the 
steam curing process (Türket et al. 2005). The gain of strength is speeded up by curing concrete 
in steam, as the hydration rate of cement increases when the temperature rises. 
Although the range of maximum curing temperatures might be from 40 to 100 ºC, the 
optimum temperature has been found in the range of 65 to 85 ºC (Türket et al. 2005). The 
curing temperature has an inversely proportional influence on strength gain and ultimate 
strength respectively: the higher the curing temperature, the lower the ultimate strength 
(Mindess et al. 1981). Therefore, the durability of concrete is being affected as the 
microstructure is less perfect. 
A typical steam curing cycle is represented in Figure 2.3 where the concrete takes part in 
different stages to gain strength. First of all, a preheating period (or delay period) of 2 to 5 
hours is generally necessary to gain a certain minimum tensile strength, even though in specific 
cases is not applied for a faster segment lining production. Secondly, a heating period at a rate 
of 22 to 44 ºC/h until a maximum temperature of 50 to 82 ºC is reached, followed by a storage 
period at maximum temperature, and finally a cooling period. Excluding the delay period, the 
total cycle should be completed in no more than 18 h (ACI 517.2 R-87). (Erdem et al. 2003). 
Assessment of the setting time of concrete is an important criterion to determine the delay 
period. If the delay period was equal to the initial setting time, higher strengths are obtained. 
 
 
Figure 2.4 Schematic representation of a heat treatment procedure 
 

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2.2.3 Segment storage in external area 
External weather conditions and the commencement of the first loads such as weight and 
dynamic loads related with the speed of handling are some aspects to cope with in this stage. 
Demolding and turning of the segments from fabrication position (extrados) to transportation 
position (intrados) may lead to bending stresses. 
Initially, once the segment is removed from the formwork, it is placed laid down on a 
working pad in order to undergo some finishing activities and the own weight is usually the 
only load. This configuration is shown in Figure 2.3, on the left. The resulting situation after the 
turning of the segment is the one represented in Figure 2.3, (right side) where it is placed in 
the storage yard supporting the resultants F1 and F2 of the weight of other segments placed on 
top of it. Segments of the same ring are gathered in packages or semi-packages, which are 
placed always in the same position.  
 
 
Figure 2.5 – 2 Beam supported configurations 
 
Distances from the center of the segment below to the forces “p1” (F1 to center) and “p2” 
(F2 to center) reflect the real storage conditions. In both configurations, eccentricity of the 
segment is considered by identifying distances from the support to the center of the segment 
“d1” and “d2”, as represented in Figure 2.3 
As we can conclude from this stage, segments start to bear weight and dynamic loads 
although the concrete has not gained the final strength. If the segments are not resistant 
enough, cracks can appear especially in those segments located on the bottom which have to 
resist the weight of the whole package or semi-package. The importance of a controlled steam 
curing process is shown in this situation, where a certain resistance has to be achieved by the 
segment when it exits the curing room to be able to hold up the upper segments. 
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While segments are placed in the storage yard next to the factory, the curing process 
keeps taking place in a slower way during the time required in the project which is usually 28 
days after fabrication or in certain cases once the desired resistance strength is reached. 
However, there is an inconvenient factor that must be considered: uncontrolled external 
environment. The “outdoor curing”, as can be called the second part of the curing process, can 
be hugely affected by the temperature and humidity of the local environment. If these two 
factors are not appropriate for curing, the segment will not reach the 28 days specified 
strength so specific care has to be taken with this conditions and a protection against extreme 
weather has to be applied.  
 
2.3 EARLY AGE PROPERTIES OF CONCRETE 
2.3.1 Introduction 
The time required to achieve a certain level of a property of concrete is the early age 
period. Once the concrete casting is done, the processes of setting (progressive loss of fluidity) 
and hardening (gain of strength) start to transform the fluid multiphase structure of the fresh 
concrete into a hardened structure due to a hydration process. This hydration produces heat 
liberation and a water loss, leading to internal / external deformations and to the development 
of mechanical properties (Pane and Hansen 2002). Through the maintenance of an adequate 
temperature and high level of moisture in the curing process, the desired characteristics can be 
developed (Huo and Wong 2006). 
The early-age period of concrete has a substantial influence on the long-term service life 
performance of concrete structures. During early age, continuous changes at high velocity in 
the concrete microstructure and constituents’ proportions (unhydrated and hydrated cement, 
water content, etc.) take place. 
Consequently, the early-age characteristics of concrete, such as thermal, mechanical and 
deformation properties can have different development rates, relationships and values 
compared to those of the later-age properties. 
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2.3.2 Early age thermal properties 
Hydration process 
When the cement is mixed with water, chemical reactions and physical processes start and 
therefore, concrete hardens. These decisive reactions which determine the setting and 
hardening properties of concrete are defined as hydration. Heat of hydration and its rate have 
a high influence on concrete strength and durability of concrete. 
The hydration of Portland cement is a highly exothermic chemical reaction (Neville 1996). 
Hydration is a process that can be grouped into 5 stages, as it is represented in Figure 2.6 
(Schindler et al. 2002). 
During the first stage, known as the dissolution stage, the reaction occurs when cement is 
mixed with water. There is a formation of ettringite after the initial hydration reaction which 
reduces the rate of reaction in the last part of this stage. There is a rapid heat generation that 
lasts up to 30 minutes.  
 
Figure 2.6 Hydration stages (adopted from Schindler et al. 2002) 
 
The following stage, the induction stage is a period of relative inactivity. Cement remains 
in plastic state, allowing the workability and transportation of the material but there is no 
development of concrete strength. It may take from between 1 to 3 hours, letting the transport 
of concrete to the job site. 
The third stage is the acceleration stage, when a high activity of chemical reactions and 
nearly all the heat release occurs. This stage can be from 3 to 12 hours long and the structure 
development phase of the paste is still in process. Strength is mainly developed in this phase; 
therefore, it is crucial for concrete. 
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Deceleration stage, the fourth one, is the phase when reactions speed begins to slow 
down. Before the first 24 hours, 50% of cement is hydrated normally. This period may last from 
3 to 150 hours and there is a small amount of heat generated on it. 
Finally, all the reactions are completed and the concrete earns its mature age strength in 
the fifth stage (the steady stage). 
On the Figure 2.7 the typical hydration process is broken down into stages. The speed of 
each period is mentioned and chemical processes in each of them.  
 
 
Figure 2.7 Typical hydration process of cement (adapted from Mindess 2003) 
 
At early age, the rate and total heat of hydration are mainly influenced by the type, 
content and chemical composition of cement, the water/cement ratio, the ambient 
temperature and the admixtures used (Khan 1995). 
The hydration process changes with each cement composition. A typical composition of 
ordinary cement is shown on Table 2.2.  
 
Chemical Name Chemical Formula Shorthand Notation Weight Percent 
Tricalcium silicate 3CaO · SiO₂ C₃S 50 
Dicalcium silicate 2CaO · SiO₂ C₂S 25 
Tricalcium aluminate 3CaO · Al₂O₃ C₃A 12 
Tetracalcium aluminoferrite 4CaO · Al₂O₃ · Fe₂O₃ C₄AF 8 
Calcium sulfate dehydrate (gypsum) CaSO₄ · 2H₂O CSH₂ 3.5 
 Table 2.2 Typical Composition of Ordinary Cement (Mindess and Young 1981) 
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Accounting over 75% of the total cement composition, C3S and C2S especially have an 
effect on concrete strength. Tricalcium silicate (C3S) has a quick reaction with water producing 
portlandite; it affects most of the early strength. C2S, dicalcium silicate, reacts slowly and 
produces less quantity of portlandite but it develops long term compressive strength. 
The fineness of the cement is the overall particle size distribution of cement given by 
specific surface area (m²/kg). It has a considerable effect on the workability, placement and 
water content of concrete. Fineness of the cement determines the amount of hydration due to 
the fact that hydration starts at the surface of cement particles. Therefore, a higher value of 
fineness provide a bigger surface area to be wetted, so the reactions between water and 
cement will be faster and the rate of heat release will increase at early ages. 
The water/cement ratio has a certain influence on the strength gaining of concrete. While 
the hydration reactions take place, the space that at first was taken up by water is replaced by 
hydration products. If the w/c ratio is low, hydration process is not successfully completed 
because there is not enough space for the hydration products. Otherwise, if there is much 
more water that is needed for cement hydration, the porosity will be very high. 
In general, fly ash retards the hydration of Portland cement, particularly in early ages and 
increases the dormant period. Addition of fly ash has the function to decrease the mixture 
temperature during early ages and minimize risks of thermal cracking. Compressive strengths 
of concrete with fly ash are low during the first part of 28 days period, but long age strengths 
are adequate (Geun 2010). 
 
Degree of hydration 
The degree of hydration is used to describe the state of hydration process. The degree of 
hydration is defined as the ratio of the amount of hydrated cementitious materials to the 
original amount. It is usually used to evaluate the chemical reactions that take part in the 
cement hydration process. The range of values goes from 0.0 when the hydration begins and 
1.0 when it ends. As rarely all the cementitious materials hydrate, the final value of 1.0 
practically never is reached. 
α (t) =
amount of cement that has been reacted at time, t
original amount of cement
  (2.1) 
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To estimate the hydration degree α(t) at a time t based on the heat generation in 
concrete, the equation (2.2) is used: 
α (t) = 
H (t)
Hu
     (2.2) 
Where  H (t) is the total heat generated at time t 
Hu is the ultimate heat of hydration of cementitious materials with a completed 
hydration 
 
 
Thermal conductivity 
Thermal conductivity is the property of materials to conduct heat. It can be defined as the 
ratio of the rate of heat flux to the temperature gradient. Several parameters such as types of 
admixtures, aggregate volume fraction, fine aggregate fraction and w/c ratio influence this 
property of concrete (Kim et al. 2003). Thermal conductivity of cement is based in the thermal 
conductivity of all its constituents, including air and moisture contained in the pores, hydration 
products and anhydrate cement. 
Although thermal conductivity at mature ages is assumed constant, it will be changing 
along the hydration process at early ages. A relation between the degree of hydration and the 
ultimate thermal conductivity of mature concrete is given by Equation 2.3. 
    k (α) = ku · (1.33 – 0.33 · α)    (2.3)  
Thermal conductivity affects the thermal gradients and consequently, the thermal stresses 
in concrete. Modeling equation (2.3) is used to estimate the thermal conductivity during early 
ages, as it is important to know its evolution with time. 
 
Specific Heat Capacity 
The specific heat is defined as the amount of heat per unit mass required to increase the 
temperature by one degree (Celsius) in temperature. On concrete, the specific heat mainly 
depends on water content and ambient temperature (Table 2.3). As opposed to thermal 
conductivity, aggregates do not have a significant influence on this property. According to 
Mindess and Young (1981), the range specific heat varies for concrete is 800 - 1200 (J/ kg° C). 
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W/C Ratio Temperature (°C) Specific heat (J/ kg °C) 
0,25 
21 1140 
65 1680 
0,6 
21 1600 
65 2460 
Table 2.3 Specific heat of cement paste for various w/c ratio and temperatures (Mindess and Young 1981) 
 
During mature ages, specific heat is assumed constant. However, it achieves higher values 
during early ages than after. DeSchutter and Taerwe (1995) report a 13% decrease in the value 
of specific heat during hydration. 
The assessment of the specific heat of concrete mixture (Cp) during hydration is 
introduced by Van Breugel (1997) on the Equation (2.4), where ρ is the density of concrete, Wc, 
Wa, Ww and Cc, Ca, Cw are the amounts by weight and specific heats of cement, aggregate and 
water accordingly. Ccef is the fictitious specific heat of the hydrated cement defined by 
Equation (2.5), where Tc is the current concrete temperature. Table 2.4 provides the typical 
values for specific heat of concrete constituents (aggregates, water and cement). 
 
  Cp = (1/ρ) · (Wc · α · Ccef + Wc · (1 – α) · Cc + Wa · Ca + Ww · Cw)  (2.4) 
  Ccef = 8,4 · Tc + 339       (2.5) 
 
Material Specific Heat (J/ Kg ºC) 
Water 4187 
Aggregates 770 - 910 
Cement 1140 
 Table 2.4 Typical values of specific heat of concrete composites (Schindler et al. 2002) 
 
2.3.3 Early age mechanical properties 
Strength of concrete 
Design and quality control of concrete consider strength as the most valued property. 
Strength is defined as the maximum stress the concrete can resist before the failure occurs. 
The term of strength is both referred to compressive or tensile strength of the material, as 
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concrete is fragile in tension, but very resistant in compression. Thus, cracks are normally 
caused by the weakness of the material in tension, as tensile strength is approximately a tenth 
of the compressive strength. 
The compressive strength (fc) is one of the most important characteristics of concrete and 
it determination can be done by specimen tests (AENOR, 2009). Compressive strength is 
usually referred to its characteristic value (fck) at 28 days. Characteristic strength of concrete 
represents a degree of reliability of 95%, therefore less of 5% of the test results are expected to 
fall. The obtained value of fck is used for design and analysis of concrete structures. A standard 
uniaxial compression test gives the value of 28-day compressive concrete strength, which is 
universally accepted as a general index of the concrete strength (Mehta and Monteiro, 2006). 
The mean value of compressive strength (fcm) can be estimated by using Equation (2.6), 
which is based in fck. Both strengths are at ages of 28 days and Δf is 8Mpa. 
     fcm = fck + Δf     (2.6) 
Another model by GL 2000 (Gardner 2004) is provided to assess the mean compressive 
strength of the concrete and the relation between fcm and fck at 28 days in Mpa is given by 
Equation (2.7). 
fcm = 1,1 · fck + 5    (2.7) 
According to Mehta and Monteiro (2006), steel reinforcement is not used to resist tensile 
stresses in massive concrete structures with cracked regions, so the assessment of the tensile 
strength of concrete (fct) becomes essential. As those factors affecting fc are similar to the 
factors which influence fct, tensile strength can be calculated as a function of compressive 
strength. MC2010 provides an equation to assess the average value of tensile strength of 
concrete (fctm) at 28 days, as shown below. 
  0,3 · (fck) ⅔,     for fck ≤ 50 Mpa  (2.8) 
  2,12 · ln (1 + 0,1 · (fck + ∆f)),  for fck > 50 Mpa  (2.9) 
Additionally, MC2010 proposes the estimation of lower and upper values of the 
characteristic tensile strength (fctk) using Equations (2.10) and (2.11). 
     fctk, min = 0,7 fctm     (2.10) 
fctm = 
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fctk, max = 1,3 fctm    (2.11) 
Tensile strength values for different grades of concrete at mature ages given in table 2.5 
are estimated from the characteristic compressive strength. 
 
Concrete Grade C12 C16 C20 C25 C30 C35 C40 C45 C50 C55 C60 C70 C80 C100 
fctm 1.6 1.9 2.2 2.6 2.9 3.2 3.5 3.8 4.1 4.2 4.4 4.6 4.8 5.2 
fctk, min 1.1 1.3 1.5 1.8 2.0 2.2 2.5 2.7 2.9 3.0 3.1 3.2 3.4 3.7 
fctk, max 2.0 2.5 2.9 3.3 3.8 4.2 4.6 4.8 5.3 5.5 5.7 6.0 6.3 6.8 
Table 2.5 Tensile strength for different concrete grades, MPa (CEB-FIP, 2013) 
 
Modulus of elasticity 
The development of modulus of elasticity (Eᴄ) is related to the strength. It is the ratio of 
increment stress to the increment of strain. Several factors affect the Eᴄ of concrete, as it is 
summarized in the schema of Figure 5.2 (Mehta and Monteiro 2006). MC2010 reports the 
relationship between the secant modulus of elasticity (Eᴄ) and fct given by Equations (2.12) and 
(2.13), where Eᴄi is the tangential modulus of elasticity at 28 days. The constant αE is the 
aggregate qualitative coefficient that depends on the types of aggregates and αi is a parameter 
that depends on fcm and defined by Equation (2.14): 
Eᴄi = 21.5 ·103 · αE · (fcm / 10)1/3    (2.12) 
Eᴄ = αi · Eᴄi     (2.13) 
αi = 0.8 + 0.2 · (fcm  /88) ≤ 1.0    (2.14) 
 
Poisson's ratio 
When the material is subjected to a load, the ratio of the transverse strand (normal to the 
applied load) to the axial strain (in the direction of the applied load) is known as Poisson's ratio. 
The range of values between 0.14 and 0.26 for the Poisson's ratio of mature concrete is 
defined by MC2010. Mehta and Monteiro (2006) provide values of Poisson's ratio for mature 
concrete that can vary from 0.15 to 0.2. 
After hardening, the Poisson's ratio can be considered constant, but it has to be carefully 
evaluated at early ages due to the expectation of higher values at this time. 
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2.3.4 Evolution of mechanical properties at early ages 
Even mechanical properties of concrete are better known at mature ages, these 
parameters are also significant at early ages in order to evaluate the risks of cracking and the 
durability of the structure. There are various models which are able to assess the development 
of those parameters during the hydration process depending on time, hydration degree, 
cement type, environmental conditions and other factors. 
According to MC2010, the compressive strength of concrete at time t is influenced by 
several factors, such as type and strength class of cement used, admixtures, w/c ratio, curing 
time and environmental conditions. For a concrete cured under mean temperature of 20°C, 
there is a proposed equation for the evaluation of compressive strength at age t (Equation 
2.15). In this case fcm, ₂₈ is the mean compressive strength (MPa) at age of 28 days and βcc (t) is 
a function which describes the strength development with time. EHE-08 (2008) and 
EUROCODE2 (1992) provide the same approach for modelling fcm (t). 
    fcm (t) = 𝛽𝑐𝑐  (t) · fcm,₂₈     (2.15) 
The parameter βcc (t) is obtained by Equation (2.16), where s is the coefficient of concrete 
hardening that depends on the strength class of cement, described in Table 2.6, tT (T, t) is the 
concrete adjusted age in days taking into account the temperature defined by Equation (2.17). 
The parameter Δti  is the number of days where a temperature T (°C) prevails and T (Δti) is the 
mean temperature during the time period Δti. 
    βcc (t)= exp [s· (1- √
28
tT
)]        (2.16)  
    tT= ∑ ∆ti
n
i=1 · exp [13.65- 
4000
273+T(∆ti)
]   (2.17) 
 
fcm [Mpa] Strength class of cement s 
≤60 
32.5N 
32.5 R, 42.5 N 
42.5 R, 52.5 N, 52.5 R 
0.38 
0.25 
0.20 
>60 All classes 0.20 
Table 2.6 Coefficients for different types of cement (N = normal, R = rapid) (CEB-FIP, 2013) 
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GL 2000 (Gardner 2004) provides another model with the Equation (2.18), where the 
relationship between fcm (t) and fcm, ₂₈ (t) is given and Equation (2.19), where βe (t) relates 
strength development to cement type. s is a coefficient that depends on the type of cement, 
with values of 0.335 for Type I cement, 0.4 for Type II cement and 0.13 for Type III cement. 
    fcm (t) = βe(t)² · fcm,₂₈     (2.18) 
    βe (t)= exp [
s
2
· (1- √
28
t
)]        (2.19) 
 
ACI 209.2R (2008) reports another model for the prediction of compressive strength over 
time given by Equation (2.20). The constants a and b are functions that depend on curing and 
cement type, both of them summarized in Table 2.7. The ratio a/b is known as the age of 
concrete (in days) at which one half of the ultimate compressive strength of concrete is 
reached. 
  fcm (t) = [ t / (a + b · t)] · fcm,₂₈      (2.20) 
         
Type of Cement 
Moist-cured concrete Steam-cured concrete 
a b a b 
I 4.0 0.85 1.0 0.95 
III 2.3 0.92 0.7 0.98 
Table 2.7 Values of the constant a and b (ACI 209.2R, 2008) 
The evaluation of tensile strength with time fctm (t) can be provided by Equation (2.21) 
(EHE-08), where α is a coefficient that depend on the age of the concrete (t) and fck, defined in 
the system (2.22). 
fctm (t) =  βcc (t) ^ α · fctm,28    (2.21) 
   α (t, fck) = {
1, if t≤28 days
 ⅔ if t≥28 days and fck ≤50 MPa
 ½ if t ≥28 days and fck>50 MPa 
   (2.22) 
 According to MC2010, the modulus of elasticity can be estimated over time at age t≠28 
days by Equation (2.23), where Eci is the tangential modulus of elasticity at 28 days calculated 
by Equation (2.12). βᴇ (t), given in the Equation (2.24), is a coefficient that depends on the age 
of concrete. 
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     Eci (t) = Eci · βᴇ (t)    (2.23) 
     βᴇ (t) = [βcc (t)] ½    (2.24) 
Another model, provided by GL 2000 (Gardner 2004) relates the development of Ecm (t) 
across time to fcm (t). The relationship mentioned is similar to the model for mature concrete 
provided by the same author which is given by Equation (2.25). 
    Ecm (t) = 3500 + 4300 · fcm (t)    (2.25) 
 De Schutter and Taerwe (1996) provided a model to evaluate the mechanical 
properties of concrete with time, where the degree of hydration is related with the 
development of the mechanical properties. The evolutions of fc, fct and Ec can be expressed by 
one general form in Equation (2.26). The parameter α is the degree of hydration in the moment 
the mechanical property is being evaluated and no mechanical property develops before the 
hydration reaches the value α₀. It depends on the type of cement and the mechanical property. 
f (α) is the assessed mechanical property (fc, fct or Ec) at degree of hydration α. 
𝑓 (𝛼)
𝑓 (𝛼 = 1)
=  (
𝛼− 𝛼0
1−𝛼0
)
𝛼
    (2.26) 
The following table (Table 2.8) summarizes different values for the parameters mentioned 
in Equation (2.26). In this model, the role of time-zero parameter (t₀) is played by parameter 
α₀. 
Cement Type α₀ fcm ( α=1) [MPa] α (fcm) Ec (α=1) [MPa] α (Ec) fctm ( α=1) [MPa] α (fctm) 
CEM I 52.5 0.25 50 0.84 37 0.26 2.8 0.46 
CEM III/B 32.5 0.25 32.5 1.40 37 0.62 2.1 0.88 
CEM III/C 32.5 0.29 30 0.97 37 0.43 1.9 0.78 
Table 2.8 Parametric Values (De Shutter and Taerwe, 1996) 
The graph shown below (Figure 2.8) presents the development of the mechanical 
properties with their relative strength/stiffness for a concrete with CEM I 52.5 cement against 
the degree of hydration. When the degree of hydration reaches the value of 0.25, as defined 
previously in Table (2.8), the properties start its development. 
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Figure 2.8 Relative strength and stiffness development for the concrete with CEM I 52.5 type of 
cement (De Shutter and Taerwe 1996) 
 
Some of the abovementioned models consider maturity time and another, the hydration 
degree, but all are similar. The study exposed in the following sections is done by MC2010 
model, because the model is based on the maturity time of concrete. 
Moreover, according to De Schutter and Taerwe (1996), at the very beginning of hydration, 
the values of Poisson’s ration may reach up to 0.5. The evolution of Poisson's ratio of concrete 
during the hydration process is shown in Figure 2.9. Also equation (2.27) is suggested by 
Schutter and Taerwe (1996) to describe changes in Poisson's ratio, taking in account the degree 
of hydration (α). 
Ѵ (α) = 0.18 sin [(π·α)/2] + 0.5e¯¹⁰ᵅ   (2.27)  
 
 
Figure 2.9 Poisson’s Ratio during hydration (De Shutter and Taerwe 1996) 
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3.  EXPERIMENTAL CAMPAIGN 
 
3.1 INTRODUCTION 
This chapter is intended to carry out an analysis of compressive strength behavior of 
precast segments where curing process is done by the application of steam and high 
temperatures. The aim is to evaluate the obtained values of strength in order to find out if the 
segments will be enough resistant to the application of any load, mostly during early ages. 
Two situations have been treated separately in order to perform this study. On the one 
hand, an estimation of compressive strength results once the segment ends the steam curing 
process and hence the length of curing process. On the other hand, an assessment of long 
term strength at 3, 7, 14 and 28 days to see how it is growing along time until the moment the 
segment is taken to be placed by the TBM at the tunnel.  
Both situations a developed by a data obtained from different control tests obtained from 
a selected real construction project. The first part of the chapter explains is the effect of 
accelerated curing time among the concrete strength of the segments. The second one 
analyses the development of strength values obtained. Moreover, a study of the learning curve 
of each production plant is done to know the regularity on the results and which plant has an 
optimal production taking into account the values of strength and the number of specimens 
rejected.  
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The main purpose of this section is to obtain a general compression strength curve that 
allows assessing the behavior according to the data values integrating both situations.  
 
3.2 PROJECT TO BE STUDIED 
3.2.1 Project description 
The demand of infrastructure is clear in those cities with urban density increasing. As a 
suitable solution for this need, underground constructions are considered as a proper solution 
and tunnel boring machines (TBMs) has become the most efficient method for tunnel 
construction in urban environments. When constructing tunnels with TBMs, the tunnel lining is 
built during the excavation. Precast concrete pieces are used for the tunnel lining which is one 
of the most relevant parts of the tunnel as it ensures the protection of the internal space and 
the stability of the tunnel itself. 
Middle East is in the course of an improvement on the transportation network to satisfy 
the demand of public transport services due to the expansion of the main cities. To guarantee 
the connection between the public facilities and the residential areas, the several mega metro 
network projects are now under way. 
One of the projects in Middle East has been selected for this thesis, which is a metro line 
project under construction where relevant information is available as a case of study; 
specifically, the data of the precast concrete segments which configure an urban tunnel of 
approximately 12 kilometers.  
 
3.2.2 Specification of concrete segments 
Two TBMs were necessary to build the tunnel lining formed by 7750 rings (numbered 1 to 
7750), each of which consists of 8 segments (produced in each carousel). Each of the 8 
segments composing a ring is identified according to their position on the ring: segment 1 (01), 
segment 2 (02), segment 3 (03), segment 4 (04), segment 5 (05), segment 6 (06), base Piece 
(dB) and segment T (T). 
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Number of rings 7750 
Number of segments 6 + 1 + 1 
External diameter 9,4 m 
Length 1,6 m 
Thickness 0,7 m 
Steel Reinforcement 2000 kg / ring 
Table 3.1 Specification of concrete segments from the precast plant 
 
Mix Design 
There is one concrete batching plant supplying each carousel production line with a 
concrete accurately mixed in order to meet the predetermined specifications. Mix design can 
be found in Table 3.2. 
 
MATERIAL SSD WEIGHT (kg/m₃) 
Cement 359 
Fly Ash 130 
Silica Fume 31 
3/4'' CA 550 
3/8'' CA 455 
White Sand 440 
Crushed Sand 240 
Water 158 
Admixture 1 3,50 
Admixture 2 1,50 
Others - 
TOTAL 2368 
Table 3.2 Batch Weight (SSD) 
The designed concrete is a C50 with an addition of 25% of fly ash and 6% of silica fume. 
This high strength concrete has added silica fume to prevent the formation of free calcium 
hydroxide crystals in the cement matrix, which might reduce the strength at the cement-
aggregate bond. Each batch's material weight is shown in Table 3.2. 
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3.2.3 Carousel production line 
For the manufacturing process of precast segments, there are two carousel production 
lines that are fed from one batching plant. The different work station's activities have been 
previously described in section 2.2.2.1 Segment Production Line. Each carousel has 10 sets of 8 
moulds, so there is an identification for each and every mould with the family brand (I, II, III, IV, 
V, VI, VII, VIII, IX, X) and the mould number (dB, T, 01, 02, 03, 04, 05, 06). 
Both carousels have a curing tunnel that shall accelerate the drying of concrete at a 
temperature between 55 – 60 ºC and with moisture between 75-100% 
 
Figure 3.1 Precast plant scheme 
 
Figure 3.1 is a representation of the precast plant with both carousels. The total daily 
production of the plant was 25 rings in the two carousels. As each ring was formed of 8 
segments, the amount of segments manufactured per day was 200. 
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3.3 COMPRESSIVE STRENGTH AT THE EXIT OF CURING TUNNEL 
3.3.1 Quality control of compressive strength after different curing times 
As soon as the precast segment is leaving the curing tunnel, a test is performed by the 
manufacturer to select which elements have enough strength in order to proceed with the next 
stage of TBM segment life cycle: the storage. This information is relevant to reject or accept the 
segments at the beginning of the fabrication and fine tune the curing process. After reaching 
the learning curve this control usually becomes less important provided a regular production is 
achieved. 
Before demoulding every precast segment, there is the need to know if the strength goal 
is reached in all of them. Therefore, concrete specimens are placed inside the curing tunnel 
when segments are curing to crush them once the accelerated curing process has finished. The 
performance of compressive strength tests is done at the exit of the steam curing tunnel in all 
the segments tested to know how much the strength has grown during that period. 
The target value of compressive strength set by the designer is 20 N/mm2. If the mean 
compressive strength of the two specimens reaches the value mentioned when performing the 
test, the precast segment is accepted and the formwork is removed. But if it is less than the 
marked objective, the precast segment is rejected and it is introduced inside the curing tunnel 
again in order to obtain at least 20 N/mm2 at the next test. 
Accordingly, time is one of the relevant parameters to take into account when steam 
curing process is used. The longer the moist curing period takes, the higher the achieved 
strength is (Mehta and Monteiro 2006). But the time length of this period has to be practical 
and it is normally governed by the time available to complete the order: a high number of 
segments have to be manufactured in a certain period of time, so steam curing periods cannot 
exceed a predetermined time. 
As explained in this section two carousel production lines were manufacturing the precast 
concrete segments on this project. Although the temperature and length of steam curing were 
fixed parameters, the given data shows that different periods of curing were applied in the 
segments tested going from a few hours to 29 hours inside the curing tunnel. This information 
permits to perform a study of the evolution of compressive strength in precast segments with 
distinct accelerated curing periods.  
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Data is divided into the two working plants to study in a more accurate way the strength 
values obtained in each of them. Figure 3.3 and Figure 3.4 show a representation of the 
compressive strength values once the segments exit the curing tunnel with different curing 
times.  
 
Figure 3.2 fcm (t) when segments exit the curing tunnel (Carousel 1) 
 
Figure 3.3 fcm (t) when segments exit the curing tunnel (Carousel 2) 
fcm (t) = 18,655ln(t) - 8,0454
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Both carousels have a limit value for the acceptance or rejection of segments to be 
demoulded at the value of 20 N/mm2, as it is indicated with a red line. When the curing time 
arrives to the 5th hour, the strength average value at this time is over the limit and the 
demoulding is possible then.  
 
Regression equation 
Using a regression equation has been the selected way in order to find out which 
relationship, if there is any, exits between sets of data. It is useful to make predictions from the 
data. The “best fit” line for the data studied is a regression line which would be a rough 
approximation for the data. There are several types of regression equations but the more 
accurate for the representation of compressive strength is the logarithmic one.  
 The coefficient of determination, R2, is a factor related with regression equations. It 
gives the proportion of the variance of one variable which is predictable from the other 
variable. Its range of values goes from 0 < r 2 < 1, and denotes the strength of the linear 
association between the variables and represents the percent of the data that is closest to the 
line of best fit.  
 With the use of the regression equation and the coefficient of determination, it is 
possible to analyze the behavior of the data in each carousel. In this case, the variables studied 
are fcm [N/mm2] and curing time [hours]:  
 Carousel 1: R2= 0,8222 
 Carousel 2: R2= 0,5982 
The values of R2 are not similar among them. While carousel 1 has 82.22% of the total 
variation in fcm values that can be explained by the linear relationship between curing time, 
carousel 1 has only a 59.82%.   
 
3.2.2 Favorable range of time inside the curing tunnel  
As precast procedure consists in an industrial production of concrete elements performed 
under a defined production control, the aim is to obtain the greatest number of elements in 
less time without endangering their quality and strength. Time has an influence that cannot be 
ignored when curing precast concrete segments: the longest the curing period, the highest the 
value of strength achieved.  
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Due to economic considerations and timetable requirements, the length of curing period 
cannot move out of a range of hours in order to guarantee the standardized production of the 
elements. 
 
Figure 3.4 fcm(t) when segments exit the curing tunnel until 8 hours: (a) Carousel 1, (b) Carousel 2 
 
Figure 3.5 only shows the representation of those strength values obtained with a curing 
period under 8 hours. As if segments are cured by steam during more time, the production 
would be slower than planned and the whole project can be affected by the manufacturing 
stage. Thus, the maximum acceptable period of curing is 8 hours. In contrast, the minimum 
value of time which a precast segment should be inside the curing tunnel is 5 hours, as fcm is 
higher than 20 N/mm2. 
Taking into account the regression equation of the two carousels calculated by the values 
until 8 hours of curing, there is a variation from the regression equations obtained by all the 
values (Figure 3.3 and Figure 3.4). Carousel 1 and 2 have a coefficient of determination of R2 = 
0,9933 and R2=0,9968 respectively, so the proximity of the coefficients to 1 means fcm can be 
predicted by curing times. 
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3.4 MODELS OF OPTIMAL STEAM CURING  
3.4.1 Introduction 
The mass production of precast concrete elements demands high strength values at few 
hours after casting, so the hydration process of concrete is thermally accelerated. Strength 
reached depends on the type of cement paste, concrete composition, and initial temperature 
of the mix and the environment, but especially of curing times and temperatures.  
Since the mix is already designed according to the requirements of the project and both 
initial mix and environment temperatures are unknown, the aim of this section is to design an 
optimal steam curing process for the tunnel lining segments. When applying different temper-
atures and times in every step of the accelerated curing, a design of the proper steam curing 
will be feasible. 
 
Figure 3.5 Steam curing scheme with fcm (t4) = 20 N/mm2 
 There is a main requisite which must be satisfied and it will be the base for the design 
of the process: segments have to reach the value of 20 N/mm2 when steam curing ends.  
In light of the difficulty in giving general rules for steam curing method, concrete     regula-
tions recommend only good practice standards such as that the curing process should start 
once the setting time has gone by, gradually raising the temperature until reaching the limit 
temperature established. The temperature is maintained during a period after which it is 
steadily lowered until the environment temperature is accomplished.   
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In general, the delay period varies between 2 and 4 hours, heating and cooling speed can-
not exceed 20 ºC/hour and the maximum temperature inside the curing tunnel should not be 
more than 80ºC.  
When curing precast concrete elements, all the agents (delay period, maximum tempera-
ture and heating and cooling speeds) are interrelated. With regard to the optimum curing cycle, 
it should generally be determined experimentally because one change in a single part of the 
process can affect the others (ACI 517, 1980).  
Table 4.3 shows the values prescribed by some of the regulations referred on the subject 
for normal concrete: Russell (2002), ACI 517 (1980), MC90 (1993), AASHTO (2000-2001), PCI 
(1999), NPCA (2006). It is possible to observe that values are similar; the main difference is 
that some regulations consider values of maximum temperatures inside the curing room 
(AASHTO, NCPA) and others, values of maximum temperatures of concrete (PCI). 
 
 Delay Period [hours] 
Maximum heating 
speed 
Maximum 
temperature 
Maximum  
cooling speed 
MC90 
T < 30ºC first 3h 
T < 40ºC first 4h 
20ºC/h 
Average <60ºC 
(singles <65ºC) 
10ºC/h 
AASHTO 
Between 2 and 4 
T. environment > 10ºC 
Environment: 22ºC/h Environment: 71ºC  
PCI 
After setting time 
(ASTM C403) 
Concrete: 20ºC/h Concrete: 82ºC  
ACI 517 Between 3 and 5 Environment: 33ºC/h Environment: 82ºC 39ºC/h 
CIA  Environment: 20ºC/h Environment: 80ºC 6ºC/h 
NPCA 
30 minutes after set-
ting time (ASTM C403) 
Environment: 22ºC/h Environment: 65ºC  
Table 3.3 Good practice standards of thermal curing 
 
3.3.2 Theoretical proposed models 
The mentioned standards can be used as a guidance to design a thermal curing process, 
but there are not any specific rules to follow. Resulting from the need of a non-stop segment 
production with a rapid demoulding, the heating and cooling ratio taken for the model is the 
same for both, and 22ºC/h.  
Firstly, some parameters are defined such as delay period, heating and cooling speed and 
environmental temperatures. Although the steam curing period will be designed for this spe-
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cific project as a value of 20 N/mm2 is determined after segments are cured, ideal conditions 
are considered. The environmental temperature chosen to be considered in the entrance and 
exit of the curing tunnel is 20ºC. Delay period is taken as 1-hour maximum.  
Once these parameters are set, it is possible to start defining each of the periods: delay 
(already defined), heating, treatment and cooling period. The following model is calculated 
with three different temperatures: 55ºC, 60ºC and 65ºC by using the equivalent time (tT) pa-
rameter. It was firstly introduced in “Chapter 2: State of the art” by the equation (2.14). Also, 
equations (2.12) and (2.13) will be used for the model calculation. In order to solve the men-
tioned equations, it is used the following procedure: 
 
1.     From the equation fcm (t) = 𝛽𝑐𝑐 (t) · fcm,₂₈ , the parameter 𝛽𝑐𝑐  (𝑡) is isolated, as val-
ues of mean compressive strength and mean compressive strength at 28 days are al-
ready defined as: fcm (t) = 20 N/mm2  and fcm,28 = 65,4 N/mm2. The value of fcm,28 
comes from the average from both carousels and fcm (t) is the stipulated value wanted 
at the end of steam curing at a time “t”. 
 
2.     After the parameter calculation, another equation is used to obtain the equivalent 
time (tT) of the required process: 𝛽𝑐𝑐  (𝑡) = exp [𝑠 ·  (1 −  √
28
𝑡𝑇
)]  where tT is isolated.  
 
3.     As a general step, tT is the same in the different temperature cases calculated be-
low. 
 
4.     Without taking into account the delay period, as it is not going to influence the 
growth of strength to a great extent, heating and cooling period are defined with the 
formula: 𝑡𝑇 =  ∑ ∆𝑡𝑖
𝑛
𝑖=1 · exp [13.65 −  
4000
273+𝑇(∆𝑡𝑖)
]. The speed taken to heat and 
cool the precast concrete segments is 22ºC/hour according to AASHTO regulation, as 
shown in Table 3.3. 
5.      Once the equivalent time of these two periods is known, we do have the equiva-
lent time of the treatment period: tT (treatment) = tT (total) – tT (heating) – tT (cooling). 
 
6.     Using the formula of equivalent time in step 4, we do obtain the real time of 
treatment period. Therefore, the real times for the whole period are known.  
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Model 1: Tmax = 55ºC 
 
Figure 3.6 Steam curing scheme at 55ºC 
Model 2: Tmax = 60ºC 
 
Figure 3.7 Steam curing scheme at 60ºC 
Model 3: Tmax = 65ºC 
 
Figure 3.8 Steam curing scheme at 65ºC 
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Presteaming Period  → 1 h 
Heating   → 1,59 h 
Treatment at t = 55ºC  → 2,61 h 
Cooling   → 1,59 h 
STEAMING PERIOD → 5,79 h 
Presteaming Period → 1 h 
Heating   → 1,82 h 
Treatment at t = 60ºC → 1,81 h 
Cooling   → 1,82 h 
STEAMING PERIOD → 5,44 h 
 
Presteaming Period → 1 h 
Heating   → 2,05 h 
Treatment at t = 65ºC → 1,16 h 
Cooling   → 2,05 h 
STEAMING PERIOD → 5,26 h 
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All the models have considered a delay period of 1 hour. During this period, the concrete 
mixture is in a vulnerable state because it cannot be too cold or too warm in order to avoid 
freezing or prematurely accelerate hydration of products and cause internal stresses. 20ºC is 
the temperature specified for this phase.  
Figures 3.6, 3.7 and 3.8 represent the presteaming and steaming period along time. As it 
can be seen, heating and cooling periods increase as the maximum temperature of the model 
is higher. In addition, when tmax is increasing, the treatment period length is reduced as well as 
the total steaming period. With a maximum temperature interval of 5ºC between the models, 
the results are: 6 hours and 19 minutes for Model 1, 5 hours and 44 minutes for Model 2 and 5 
hours and 26 minutes for Model 3. From Model 1 to Model 3, there is a time difference of 53 
minutes with a temperature variation of 10ºC.  
As mentioned above, the equivalent time (tT) is the same value in the three studied 
models. When calculated, the obtained value has been 0,897 days (21,53 hours). According to 
this value, the meaning is that the required time to reach a compressive strength of 20 N/mm2 
when concrete is subjected to external curing is 21,53 hours, while if a thermal treatment is 
applied the time is reduced considerably.  
 
3.5 DEVELOPMENT OF LONG TERM STRENGTH 
3.5.1 Compressive strength at later ages 
When the precast segments are moved from the storage area where they have remained 
for some weeks to the construction site, another control is executed by the construction. This 
additional compressive test is done with the purpose to know the strength development of the 
precast segments that will be used for the tunnel lining as a general quality assurance 
management strategy. 
A daily test is performed to cubic concrete specimens with dimensions of 15x15x15 cm at 
the age of 3, 7, 14 and 28 days. Each carousel has carried out their own tests.  
Using the formula to calculi fcm (t) described in the Spanish Standard EHE 08 (Article 31), it 
is possible to develop a strength curve concrete cured at normal conditions along 28 days and 
compare it to the experimental curve obtained with the control results. Coefficient of concrete 
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hardening (s) used for EHE 08 curve calculation is s= 0,25 because the strength class of cement 
for the segments is 42.5N. 
Moreover, coefficient of variation (CoV) is a useful statistic for comparing the degree of 
variation from one data series to another, even if the means are drastically different from one 
to another. It is a statistical measure of the dispersion of fc, cube values in the data series around 
the mean. To obtain the value of CoV, which is usually expressed as a percentage, the standard 
deviation needs to be divided by the mean.  
Figure 3.7 shows the comparison between experimental values at 3, 7, 14 and 28 days on 
carousel 1 and the ones calculated by EHE 08 formula. Considering fcm (28) = 65 N/mm2, the 
experimental values of strength are almost the same of the ones of EHE 08 curve, except from 
fcm (3) = 42,2 N/mm2 which is remarkably higher than fcm, EHE 08 (3) = 38,9 N/mm2. Therefore, 
steam cured concrete has 7.82% more strength after 3 days than normal cured concrete. When 
talking about the CoV, the percentage values decrease with time until arrive to 5.6% at 28 days. 
 
 
Figure 3.9 fcm (t) at later ages (Carousel 1) 
The same case happens in carousel 2, as it is represented in Figure 3.8. Considering fcm 
(28) = 65,7 N/mm2 to calculate EHE 08 curve, the results between experimental and calculated 
values at 7 and 14 values are quite similar, but not at 3 days, when fcm (3) = 42,9 N/mm2 and 
fcm, EHE 08 (3) = 39,3 N/mm2. In this carousel, steam cured concrete is 8.39% more resistance 
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than normal cured one at the age of 3 days. The CoV decreases from 12.9% to 5.9% from 3 
days to 28 days’ age.  
 
 
Figure 3.10 fcm (t) at later ages (Carousel 2) 
3.5.2 Statistical analysis 
From the results obtained by the compressive strength control test at different ages of 
concrete curing to specimens which have been steam cured, a statistical analysis has been 
realized at 3, 7, 14 and 28 days in order to manage the values and observe the behavior of 
precast concrete at each time.   
Firstly, normal distributions of the data were considered to be studied. Even though, as all 
the values are positive, lognormal distribution was found to be more suitable in this study. 
Carousels are treated separately, as previous sections of this project, because more specific 
information about the productivity of each will be acquired.  
On the x-axis, compressive strength results are grouped together with a frequency of 5 
N/mm2 and on the y-axis, the percentage taken regarding the total of the studied sample test. 
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Carousel 1 
 
Figure 3.11 Lognormal distribution of fc,cube values after 3 days of curing (Carousel 1) 
For 3 days of curing, the minimum and maximum value of compressive strength were 
23,34 and 63 N/mm2 respectively. The characteristic value which corresponds to the 95% of 
confidence level is 31,36 N/mm2. It means only a 5% of fc,cube values are under this value. The 
middle value represents the 50% of the sample and it is 41,61 N/ mm2.  
 
 
Figure 3.12 Lognormal distribution of fc,cube values after 7 days of curing (Carousel 1) 
For 7 days of curing, the minimum and maximum value of compressive strength were 
34,25 and 67,25 N/mm2 respectively. The characteristic value which corresponds to the 95% of 
confidence level is 41,29 N/mm2. It means only a 5% of fc,cube values are under this value. The 
middle value represents the 50% of the sample and it is 48,75 N/ mm2.  
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Figure 3.13 Lognormal distribution of fc,cube values after 14 days of curing (Carousel 1) 
Figure 3.11 shows the compressive strength distribution at 14 days. Minimum and 
maximum compressive strength were 41,50 and 72 N/mm2. The characteristic value which 
corresponds to the 95% of confidence level is 50,25 N/mm2, so only 5% of fc,cube values are 
under this value. The middle value that represents the 50% of the sample is 57,60 N/ mm2.  
 
 
Figure 3.14 Lognormal distribution of fc,cube values after 28 days of curing (Carousel 1) 
For distribution at 28 days of curing (Figure 3.12), the minimum and maximum value of 
compressive strength were 56 and 78,50 N/mm2 respectively. The characteristic value which 
corresponds to the 95% of confidence level is 59,72 N/mm2; 5% of fc,cube values are under this 
value. The middle value represents the 50% of the sample and it is 64,89 N/ mm2.  
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Carousel 2 
 
Figure 3.15 Lognormal distribution of fc,cube values after 3 days of curing (Carousel 2) 
After 3 days of curing, the minimum and maximum value of compressive strength were 
22,99 and 69 N/mm2 respectively. The characteristic value corresponds to the 95% of 
confidence level which means only a 5% of fc,cube values are under the value, in this case, of 
32,21 N/mm2. The middle value represents the 50% of the sample and it is 42,35 N/ mm2.  
 
Figure 3.16 Lognormal distribution of fc,cube values after 7 days of curing (Carousel 2) 
For 7 days of curing, the minimum and maximum value of compressive strength were 35 
and 73,75 N/mm2 respectively. The characteristic value which corresponds to the 95% of 
confidence level is 42,49 N/mm2. It means only a 5% of fc,cube values are under this value. The 
middle value represents the 50% of the sample and it is 50,81 N/ mm2.  
 
0
5
10
15
20
25
30
35
0
5
10
15
20
25
30
35
40
 <25    (25-30] (30-35] (35-40] (40-45] (45-50] (50-55] (55-60] (60-65]  >65 
<35      (35-40]   (40-45]  (45-50]   (50-55]  (55-60]  (60-65]   (65-70]   >70 
Experimental Campaign 43 
 
Miriam Benitez Montalban 
 
Figure 3.17 Lognormal distribution of fc,cube values after 14 days of curing (Carousel 2) 
For 14 days of curing, the minimum and maximum value of compressive strength were 
43,25 and 79,25 N/mm2 respectively. The characteristic value which corresponds to the 95% of 
confidence level is 50,53 N/mm2. It means only a 5% of fc,cube values are under this value. The 
middle value represents the 50% of the sample and it is 58,17 N/ mm2.  
 
Figure 3.18 Lognormal distribution of fc,cube values after 28 days of curing (Carousel 2) 
Testing the concrete after 28 days of curing, the minimum and maximum value of 
compressive strength were 60 and 78,67 N/mm2 respectively. The characteristic value which 
corresponds to the 95% of confidence level is 59,22 N/mm2. So only a 5% of fc,cube values are 
under this value. The middle value represents the 50% of the sample and it is 65,56 N/ mm2.  
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Conclusions for t=28 days 
As a continuation of the statistical analysis using lognormal distribution, the required 
characteristic strength of concrete for the project will be compared to the experimental 
compressive strength results obtained at 28 days. To comply with the definition of 
characteristic strength, 95% of tested cubes should not have a lower value than this one. Due 
to project specifications, concrete type is C50/60 and as the test is performed with cubic 
shaped samples, fck is 60 N/mm2. 
When a lognormal distribution is established, it assumes a certain probability of 
existence of values which are not in the experimental data taken for the analysis. 
Although the lognormal distribution adjustment is quite good, it has limitations. Table 
3.4 represents the percentage of specimens that obtained more than 60 N/mm2 and 
strength values at 5%, 50% and 95% of the distribution.  
 fc,cube > fck fc,cube(0,05) fc,cube(0,50) fc,cube(0,95) 
Carousel 1 93.97%  59,72 N/mm2 64,89 N/mm2 70,50 N/mm2 
Carousel 2 92.41%  59,22 N/mm2 65,56 N/mm2 72,57 N/mm2 
Table 3.4 Representation of percentages and values from lognormal distribution 
As it can be observed in the same table, characteristic strength values are 93.47% (carou-
sel 1) and 92.41% (carousel 2), so these are the percentage of values equal or higher than the 
fck set up by the type of concrete. These values are nearly 95%, which means that only 5% of 
results should be under the characteristic strength value. Therefore, lognormal is well-adjusted 
and it is on the safe side.  
 fc,cube > fck Percentile0,05 Percentile0,50 Percentile0,95 
Carousel 1 99.79%  61,00 N/mm2 63,91 N/mm2 72,47 N/mm2 
Carousel 2 100%  61,06 N/mm2 64,24 N/mm2 75,50 N/mm2 
Table 3.5 Representation of percentages and values from experimental data 
On Table 3.5, there are the values of percentiles at 5%, 50% and 95% which are based in 
the existent data and the percentage of values above fck. It is possible to conclude that 
experimental data accomplished the required minimum amount of specimens with a 
compressive strength value greater than 60 N/mm2. The 5% percentiles of both carousels are 
61 N/mm2 for carousel 1 and 61,06 N/mm2 for carousel 2.  
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3.6 GENERAL CURVE OF COMPRESSIVE STRENGTH 
The long-term performance of concrete structures is affected considerably by the 
properties and behavior of concrete at its early ages. Even though, the early-age concrete is 
influenced by mechanisms that have not been entirely comprehended (Soliman et al. 2009). 
The fact of having good knowledge of strength development in concrete at first hours after 
casting makes a big difference, especially for elements which may support loads before 
achieving 28-day strength.  
On previous sections of the project, the behavior of concrete was studied during the first 
hours after casting inside a curing tunnel and afterwards, the strength evolution during 
environmental condition until 28 days. In order to plot both control test values in one graphic 
to relate the compressive strength data and understand its growth with time, it is represented 
in Figures 3.17 and 3.18.  
 
 
Figure 3.19 General curve of strength (Carousel 1) 
According to Figure 3.17, which represents the mean compressive strength curve with the 
experimental data obtained in carousel 1 and the calculated EHE-08 curve taking into account 
fcm (28) = 64,97 N/mm2, the threshold for crossover is nearly the 6th day of curing. At this point, 
the two curves start to grow with the same speed. 
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Figure 3.20 General curve of strength (Carousel 2) 
A similar situation happened with carousel 2 (Figure 3.18), where the curves crossing is 
seen at 5,5 days of curing between the mean compressive strength curve and the calculated 
EHE-08 with fcm (28) = 65,68 N/mm2. 
As a general conclusion, the development of compressive strength inside the curing tunnel 
follows a lineal trend line. Afterwards, the trend line starts to follow the same logarithmic 
shape as the EHE-08 curve. So, when comparing both curves, the method of curing is the 
element which makes a difference on the strength development.  
 
3.7 LEARNING CURVE 
Objective of this section is to be able to understand the evolution of the steadiness of the 
quality of the concrete across time, in order to deduct if there is an improvement due to the 
learning curve of the team working in the production precast plan.  
Production of segments on a production line enables a high productivity due to the 
continuous repetition of the activity in a fixed location. Our production line is based in two 
carousels which supply the TBM with precast concrete segments at a simultaneously time. 
Even the procedure followed at each carousel should be the same; some variations on steam 
curing periods can contribute to a better or worst gain of strength. As it has been already 
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mentioned, a compressive strength test was performed at the end of the accelerated curing 
process as a quality measure to notice if the segments reached at least 20 N/mm2.  
 
Figure 3.21 Monthly strength dispersion (Carousel 1) 
 
Figure 3.22 Monthly strength dispersion (Carousel 2) 
Results shown in these figures do not infer a relation with the learning curve but with 
seasonal reasons. While in the Northern Hemisphere it is quite normal to detect loss of 
resistance in the summer months where temperature is higher, in this case it is the opposite. 
Further studies must take place considering the cement strength also. 
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The dispersion of values is seen in Figure 3.20 for carousel 1 and in Figure 3.21 for carousel 
2 grouped by months since the segments production commenced. Although the monthly 
average value of strength is higher than 20 N/mm2, it cannot be ignored the amount of values 
below the red line which delimit the minimum value required. 
 
Figure 3.23 Coefficient of Variation: (a) Carousel 1, (b) Carousel 2 
The effectiveness of the production plants could be determined by the coefficient of 
variation, CoV, represented in Figure 3.22 for each. It determines the data variation from the 
mean and so it shows the dispersion of strengths in each production month. As time goes by, 
the CoV should be decreasing because further efficiencies are expected but the progression 
that is followed in both carousels is not descending.  
A reason for this situation to occur is the fact that during the first productivity months, 
processes are done very carefully and steam curing periods are taken into account. Once the 
level of confidence is reached, times inside the curing tunnel are lowered in order to speed up 
the precast segment manufacture. But some periods are not enough for the minimum required 
strength to be achieved and there is dispersion on the results because certain periods cannot 
guarantee an specific range of strengths. Therefore, last months of production suffered a 
regulation of the periods of curing and so, the CoV decreases again because obtained values 
are more similar between them. 
In both carousels, from the second production month (September), there are rejected 
specimens that need to be cured again to achieve the minimum resistance. The main cause 
may be that lower steam curing periods are applied and so, the segments were not enough 
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time inside the curing tunnel and the demoulding cannot be done yet. 
In order to do a comparison between carousel 1 and 2, the total percentage result of 
rejected segments in each one has been found to be 19.09% and 18.86% according to the 
number of specimens tested in every carousel. Moreover, Table 3.6 represents the monthly 
percentage of discarded ones.   
 Month 1 Month 2 Month 3 Month 4 Month 5 Month 6 Month 7 Month 8 
Carousel 1 0 % 21.35 % 21.34 % 19.86 % 32.22 % 17.69 % 3.88 % 0 % 
Carousel 2 1.82 % 17.65 % 16.23 % 21.05 % 33.52 % 17.36 % 6.73% 0 % 
Table 3.6 Monthly rejected percentage of segments 
Even the monthly comparison of results is similar between them, as a general conclusion, 
a lower quantity of concrete elements was dismissed in carousel 2. Thus, the monthly 
percentages are usually higher than carousel 1.  
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4. VALIDATION CASE 
 
4.1 INTRODUCTION 
In recent times, the increased use of high strength concrete elements and the demand for 
a high-speed production of them has resulted in the necessity to revise how the curing time is 
affecting the strength and durability of the concrete structures. 
Steam curing at atmospheric pressure is a technique widely used to obtain high early 
strengths, especially in precast concrete. The technique enables the faster removal of 
formworks because of the attainment in short period of sufficient strength. 
As already explained in previous sections, main analysis was performed by considering the 
results of concrete compressive strength on two different scenarios: 
- Results for daily production of compressive strength at 3, 7, 14 and 28 days for Carrousel 
1 and Carrousel 2, as quality register regarding segment production. 
- Results of compressive strength when the segments were exiting the curing tunnel, as an 
acceptance test regarding curing process. 
Combining both scenarios it was possible to obtain an integrated curve of strength gain 
across the time of the concrete of the segments, considering that the first hours the curing is 
accelerated through steam. 
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Several months after the manufacturing of the segments, a special testing was performed 
in order to assess early and long term resistances of them. As the segments manufacturing 
plant (both carousel 1 and 2) was dismantled, the test was carried out in a laboratory with not 
exactly the same concrete composition but keeping the concrete class C50. 
The special testing was done with 18 samples subjected to steam curing and 8 samples to 
normal curing. On the one hand, the compressive strengths of the steam cured specimens 
were determined at various ages from the moment the concrete sample exits the steam 
chamber to 28 days. On the other hand, the normal cured specimens were only tested at 7 and 
28 days. 
It is possible to study the strength gain of concrete in both curing methods by making a 
comparison of results between the normal cured and steam cured samples. However, the test 
was required to check if the compressive strength results obtained in Chapter 4: Experimental 
campaign were similar to the laboratory results or not. 
 
4.2 COMPLEMENTARY STUDY 
4.2.1 Curing cycle 
The whole curing cycle is composed by a steam cured period, a period shaded and a 
period unshaded. Keeping concrete in shaded prevents the evaporation of water from the 
surface and protects it from heat and other climatic factors. This period lasts for some hours 
and after, concrete is exposed to external weather conditions. All the samples are taken and 
introduced in the steam chamber at the same time; details are described in the following table.  
 
Batch Name Steam Hours Duration in shaded Duration in unshaded Time since sampling 
CS1 5.0 0.0 hours 0 hours 7.25 hours 
CS2 5.0 3.0 hours 0 hours 10.25 hours 
CS3 5.0 5.0 hours 1 hour 13.25 hours 
CS4 5.0 5.0 hours 4 hours 16.25 hours 
CS5 5.0 5.0 hours 7 hours 19.25 hours 
CS6 5.0 5.0 hours 29 hours 48.25 hours 
CS7 5.0 5.0 hours 3 days 3 days 
CS8 5.0 5.0 hours 7 days 7 days 
CS9 5.0 5.0 hours 28 days 28 days 
Table 4.1 Specifications of time in the curing cycle of the samples 
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Before introducing the samples in the steam chamber, there is a delay period of 30 
minutes (smaller than the normally required). Then, the steam curing process takes place. Due 
to the changes on steam temperature, there are two differentiate periods: 3 hours at 55ºC and 
2 more hours at 45 – 50 ºC. There is no information about heating and cooling period provided, 
so is not known with certainty how the temperature ratio increases or decreases. Therefore, 
the total length of steam curing is 5 hours. Once the samples exit the chamber where they are 
cured by steam, they may have to remain a period curing in shade and after, a period curing 
outdoors under environmental conditions. Table 4.1 includes the times of curing under steam, 
in shaded and in unshaded. 
Every batch is composed and named by groups of 2 specimens as it is shown in Table 4.1. 
CS1 is crushed at the moment the sample goes out the steam chamber, as the duration in 
shaded and in unshaded is 0 hours. Next samples, from CS2 to CS9 have been broken in 
diversified periods of time, acquiring values of compressive strength for every group of 
specimens.  
 
4.2.2 Development of compressive strength after steam curing 
The data obtained from the test is an evolution of concrete strength since the very same 
moment the steam curing process finishes until 28 days of curing. Every batch sampled (from 
CS1 to CS9) is composed by two specimens tested; the average is considered as the result of 
the compressive strength test and represented in Figure 4.2.  
 
Batch Name Specimen 1 [MPa] Specimen 2 [MPa] Average 1-2 [MPa] 
CS1 21,40 26,40 23,9 
CS2 34,90 33,90 34,4 
CS3 45,50 46,00 45,75 
CS4 50,70 48,30 49,5 
CS5 54,80 56,90 55,85 
CS6 57,80 58,80 58,3 
CS7 56,50 55,70 56,1 
CS8 66,70 66,80 66,75 
CS9 69,80 68,70 69,25 
Table 4.2 Compressive strength test results (steam curing) 
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When the concrete exists the curing chamber, the value of compressive strength is 23,90 
Mpa. Applying the thermal curing for a few hours to concrete, it has obtained around a 35% of 
its final strength.  
Before the first 24 hours, almost the 50% of concrete is hydrated if cured at normal 
conditions. This percentage is comparatively higher when using steam curing, as for the 
mentioned process, the 70 – 80 % of concrete may be hydrated after the same interval of time.  
After that, the strength is still growing until it reaches a value of 69,25 Mpa at 28 days.  
Figure 4.1 follows a logarithmic trend line because it is the most accurate to represent 
how the values of strength evolve with time. So as coefficient of determination is > 0,70 , it has 
a size effect when predicting compressive strength by curing time.  
 
Figure 4.1 Compressive strength development along time 
 
4.2.3 Comparison between steam cured and normal cured concrete  
At the same time as those samples were having an accelerated curing process by steam, 
the rest of samples were also curing but under normal conditions. Three specimens were 
tested for each batch and the average was taken as the result of the test. For normal cured 
samples, only 7 days and 28 days results are obtained. The table below has written the values 
of the test. 
Batch 
Name 
Time since 
sampling 
Specimen 1 
[MPa] 
Specimen 2 
[MPa] 
Specimen 3 
[MPa] 
Average 1-2-3 
[MPa] 
NC1 7 days 54,30 53,60 54,20 54,03 
NC2 28 days 59,30 58,20 57,60 58,37 
Table 4.3 Compressive strength test results (normal curing) 
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If steam cured and normal cured samples are brought into comparison, higher values of 
compressive strength are obtained when testing the steam cured ones. As normal cured 
concrete was only tested after 7 and 28 days, results with steam cured concrete are compared 
only at these two ages. Naming for samples is used as written in the previous tables.  
At the age of 7 days, CS8 has a value of 66,75 Mpa achieving the 96.39 % of its 28-day 
strength while NC1 obtained 54,03 Mpa as a result of the test. In consequence, steam cured 
concrete achieved a 23.54% more of strength than a normal cured sample.  
Due to the fact that concrete has reached almost all its resistance at the age of 28 days, 
another test is performed. Test results are 69,25 Mpa for steam cured sample and 58,37 Mpa 
for normal cured sample. A 18.64% more of strength is gained by using steam for curing the 
concrete. 
As this thesis is concerned to the importance of obtaining a high value of compressive 
strength before the segments are placed all together in the storage area, early age results have 
to be taken into consideration.  
The strength percentage obtained when the sample exits the curing tunnel is 34.51 % over 
the 28-day steam cured strength. Comparing it over 28-day normal cured strength, the 
concrete exits the curing tunnel with the 40.95% of the strength that a normal concrete cured 
would have at 28 days. 
 
 CS1 CS2 CS3 CS4 CS5 CS6 CS7 CS8 CS9 
Percentage increase in 
compressive strength of steam 
cured concrete over 28 days 
strength of steam cured concrete 
[%] 
34.51 49.68 66.06 71.48 80.65 84.19 81.01 96.39 100.00 
Percentage increase in 
compressive strength of steam 
cured concrete over 28 days 
strength of normal cured concrete 
[%] 
40.95 58.93 78.38 84.80 95.68 99.88 96.11 114.36 118.64 
Table 4.4 Percentage increase in compressive strength of steam cured concrete over 28 days 
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4.3 VALIDATION OF RESULTS 
 In the present chapter, the comparative analysis in relation to strength results obtained 
by the experimental data and the additional study requested is performed. In this case, there is 
no difference done between production plants, so data from carousels 1 and 2 have been 
considered together. Results are displayed in Figure 4.2.  
Figure 4.2 Comparison of results 
 The strength evolution in both cases is represented by a logarithmic curve and the 
coefficient of determination (R2) of each one has an acceptable value, specially the value from 
experimental data, which is very close to one.  
In view of the results at early ages, once the samples have already been steam cured 
during 5 hours, the results obtained are quite similar between them. As it advances the aging 
time of concrete, there are greater differences seen within the strengths results of the 
“experimental data curve” and “special testing curve”. Moreover, it is noticed that the 
minimum strength requested of 20 N/mm2 is achieved by both studies when samples exit the 
curing tunnel.  
As it is explained before, the concrete samples crushed in both studies were steam cured 
and were made with a designed concrete C50. Even though, the parameters applied differ one 
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to another study (temperature, moisture, times, etc.), so this fact may lead to obtain different 
long-term strength. Whilst curing the experimental data samples with temperatures between 
55 to 65 ºC, special testing samples were steam cured using a range of temperatures from 45 
to 55 ºC as maximum.   
The higher the maximum curing temperature, the shorter the curing time. However, this 
higher rate of hydration will lead to a lower ultimate strength. Therefore, this may be the cause 
of obtaining a greater compressive strength in concrete cured at 45 – 55 ºC than in concrete 
cured up to 65 ºC. In both cases, the achieved strength is acceptable. 
In summary, it is possible to conclude that compressive strength development has a 
similar progression in both studies, so as there is a rapid hydration of cement at early ages and 
the achievement of the requested strength is done. Taking into account later age strength, 
values between 65-70 N/mm2 are reached. As pointed out above, the variation on the 28 – day 
strength may be influenced by the application of a different steam curing process. 
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5.  CONCLUSIONS 
 
5.1 GENERAL CONCLUSIONS 
As it has been mentioned in previous chapters, certain minimal strength has to be 
achieved at early-age by the precast-concrete segments used for the assembly of a tunnel 
lining. For this to happen, steam curing is the applied procedure to obtain greater values of 
resistance within the first hours after the concrete casting in order to allow an industrialized 
production.  
Therefore, in this paper, development of compressive strength along time has been 
carefully analyzed. By data provided from a tunnel project under way, different studies have 
been performed: including strength values when concrete exits the curing tunnel (or chamber) 
and long-age strength development until 28 days. Furthermore, separated cases have been 
assessed provided that manufacturing of the segment took place in two parallel carousels. 
After an accelerated curing is applied to segments, the quality control test completed 
took place after a wide time range inside the curing tunnel, which goes from a few to 29 hours 
(see Tables 3.2 and 3.3). This fact leads to a significant dispersion of results, especially for 
carousel 2. Recommendations suggest always considering a range from 5 to 8 or 9 hours. The 
mean of achieving a greater correlation is to shorten the mentioned time interval, as irregular 
values will be dismissed if the typical time range is adequately settled. 
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When the precast segments remain in the storage area, an additional compressive test at 
the age of 3, 7, 14 and 28 days is performed with the aim of obtaining the strength growth 
over time. Through lognormal distribution, a statistical analysis shows a proper adjustment of 
it.  
To unify the two cases, a general compressive strength curve is composed by two shapes: 
a first linear period inside the curing tunnel and a second period which follows a logarithmic 
trend line. Thus, first period is defined by a steep slope due to the fact that resistance is 
growing rapidly because of high temperatures and moisture. Then, the second period curve 
has a good adjustment with EHE-08 curve introduced and so, both curves have very close 
values. 
The main objective of the learning curve study is to verify that productivity and uniformity 
of the plant was improving along the execution of the construction. It is observed during 
August that strength adopts values above 20 N/mm2, which is the minimum value accepted for 
the demoulding of segments. Over the upcoming months, results are more dispersed and the 
coefficient of variation (CoV) is higher than at the beginning of the testing. But on the last 
three months, CoV starts to decrease and the correlation between values rises once again 
whereby an improvement in production. This is due to the fact that modifications during the 
manufacturing process are implemented.  
The TBM productivity is closely linked with precast segments fabrication: as time goes on 
and the tunnel construction moves along more elements are needed so, steam curing periods 
are cut back to allow a fast production of them. With the tested concrete specimens, it is 
possible to detect that periods below 5 hours are harmful for strength; therefore steam curing 
period is re-adjusted for the last production months to the needs of strength achievement and 
times increased (as well as the correlation). 
When discussing the results of the validation case, the fact that steam curing concrete 
compared with normal curing concrete gives higher strength values at the same age, even at 
later-age testing. Furthermore, comparison between experimental data used in Chapter 3 and 
data from the complementary study indicates that the trend line followed in both studies is 
parallel but in special testing case, greater values of strength are achieved even though the 
concrete type was the same in both cases. It may be caused by a dissimilar steam curing due to 
different temperature and moisture conditions and time contemplated. 
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5.2 SPECIFIC CONCLUSIONS 
 It has been verified the capital importance of steam curing when a certain strength 
value has to be achieved in order to demould the precast segments. 
 An optimal time range of steam curing process is settled in order to reduce the 
dispersion. This range limitation between 5 to 8 hours brings about an effective and 
efficient segment production. 
 As mentioned previously, high temperatures speed the development of strength. The 
three models calculated gives information about the minimum curing time that the 
segment must be inside the curing tunnel. Results are not as quite differentially 
between them, almost an hour of. Results go from 5:26 to 6:19 hours to guarantee > 
20 N/mm2.  
 Steamed concrete strength at later-age follows the logarithmic curve, just as normal 
concrete strength does with the fcm (t) formula in Spanish Standard EHE 08 (Article 31). 
 Adjustment following a lognormal distribution is quite accurate when comparing with 
the overall results for ages of 3, 7, 14 and 28 days. 
 Concerning the general curve of compressive strength, there is a clear difference 
between the two groups of data represented: a rapid strength raising phase in the first 
24 hours and a subsequent phase with a slow growth during the following days until 
reaching the 28th day of curing.  
 According to the efficiency of both production plants, namely carousel 1 and carousel 
2, it may be impacted by the fact that steam curing times have been amended during 
the production months in order to speed up the manufacturing process and produce a 
high stock of segments in less time. 
 Validation case shows a nearly 100% correlation of results in experimental case but 
smaller strength values at later ages than special testing case, which have an 
acceptable but smaller correlation between results.  
 
 
  
60 Chapter 5 
 
Early age strength behavior of precast TBM segments under steam curing process 
5.3 FUTURE PERSPECTIVES 
The present paper discusses in the influence of an accelerated curing process in precast 
concrete segments along the whole strength development. As time and temperature are two 
parameters with high relevance on steam curing, different curing times have been analyzed 
and models to achieve a minimum requested value have been designed for different 
temperatures. Even though, as no specific information about temperatures, periods of heating 
and cooling and moisture conditions are given, it cannot be as accurate as it needs to be.  
It has been verified that the definition of an appropriate time curing range leads to an 
increased production speed and ensures a high quality level when referring about the 
achievement of minimum strength values. 
Another assumption that has been considered in the study is that after the steam curing 
process is applied to segments, compressive strength values form a curve with the same shape 
as long term strength values such as 3, 7, 14 and 28 days. This happens because there is no 
data from the exit of curing tunnel to the 3rd day of curing. Further experimental studies with a 
detailed testing at earlier ages may represents a precise curve of all strength stages 
development.  
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